A straightforward technique was developed for sweat collection applicable to tissues subjected to external load without introducing distortion of underlying tissues, and for analysis of six metabolites in the collected sweat. Chloride was measured colorimetrically and lactate, urea and urate by enzymatic methods on a centrifugal analyser. Sodium and potassium were measured by flame photometry. The methods showed good precision, recovery and linearity.
SUMMARY. A straightforward technique was developed for sweat collection applicable to tissues subjected to external load without introducing distortion of underlying tissues, and for analysis of six metabolites in the collected sweat. Chloride was measured colorimetrically and lactate, urea and urate by enzymatic methods on a centrifugal analyser. Sodium and potassium were measured by flame photometry. The methods showed good precision, recovery and linearity.
To assess the technique sweat was collected: (i) from the sacrum, ischium, forearm and calf in healthy individuals at 32°C for 1 h; (ii) from the sacrum of healthy subjects at ambient temperature for 9 h; (iii) at ambient temperature from the sacrum of a patient with a history of pressure sores. Sweat rates were greater at the sacrum and ischium than the calf or forearm. There were differences in the concentrations of lactate and urea between sites but these were smaller when expressed as amount secreted. Sweat rates were significantly lower in groups (ii) and (iii), but sweat could be collected reliably. This technique has potential clinical application to the investigation of susceptibility to pressure sores.
Additional key phrases: pressure sore; lactate; urea; urate Pressure sores have major implications for the overall health of patients as well as considerable financial and resource implications.' Estimates of the prevalence of pressure sores vary but the average approximates to 9070 of the total patient population.P Groups particularly at risk include the elderly, the disabled with reduced mobility and those undergoing surgery, with incidences as high as 29070 in patients undergoing surgery for hip fracture." Identification of patients at risk is based on clinical criteria. One commonly used risk scoring system was shown to have a sensitivity of 79070 and a specificity of only 50070. 4 None of the commonly used clinical scales includes any consideration of tissue response to applied loads.
The influence of biochemical and mechanical factors on the onset and development of pressure sores is poorly understood and the pathogenesis of the tissue damage is unclear. The application Correspondence: Dr R P Taylor.
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of external pressure can cause occlusion of blood supply and of blood and lymphatic drainage, leading to local ischaemic changes. Tissue ischaemia will occur even at low levels of pressure if it is prolonged and applied in a non-uniform manner.~High moisture levels produced by perspiration or incontinence can lead to maceration of the epidermis, a precursor of tissue breakdown.
Measurement of metabolites in sweat may reflect biochemical processes in underlying tissue, providing a marker of tissue viability. This principle has been used in studies of vascular occlusion.S" but there is little information on sweat from sites susceptible to pressure sores collected under relevant conditions, and little investigation of any changes in sweat resulting from pressure-induced ischaemia of underlying tissues. Thus, there is a need for a simple and reliable method for the collection and analysis of sweat from areas that are susceptible to pressure sore development such as the bony prominences of the sacrum and ischium. This paper reports a technique for the collection and analysis of sweat from these sites. Sweat was collected from two groups of able-bodied subjects and a patient susceptible to pressure sores to investigate its feasibility.
METHODS

Sweat collection
Sweat was collected on a 4 X 4 em square of Whatman cellulose chromatography paper (Whatman Paper Ltd, Maidstone, UK) covered with a water-impermeable sheet of 50 ILm thick polypropylene (445 SCB 50 Shorko, Courtaulds Films Ltd, Swindon, UK) and sealed round the edges with surgical tape (Blenderm, 3M Health Care Ltd, Loughborough, UK). These materials cause minimal skin irritation. Before collection the skin was washed, rinsed with distilled water and dried thoroughly. When measurement of applied pressure was required a pneumatic matrix of 12 cells each of 2 cm diameter and with a thickness of O· 1 em was placed directly over the sealed collection paper and was attached to monitoring equipment (Oxford Pressure Monitor, Talley Medical Equipment Ltd, Romsey, UK).
On removal from the skin the paper containing sweat was immediately returned to a pre-weighed screw-capped plastic 30 mL 'universal' conical bottomed tube (catalogue No. 1288, Bibby Sterilin Ltd, Stone, UK) containing removable separators resting at the top of the conical portion. The separators were the caps from plastic tubes [catalogue No. 71060, LIP (Equipment and Services) Ltd, Shipley, UK] drilled with 15 holes of 1 mm diameter. The tube was reweighed and the weight of sweat was determined by difference. Collections of less than 100 mg were discarded. Five volumes of distilled water were then added directly to the cellulose pad in the tube, and the tubes were centrifuged at 3000 g for 10 min. The eluted sweat accumulated below the perforated disc and was collected after removal of the disc and pad. Sweat was stored at -20°C until analysis.
Biochemical analyses
Lactate, urate, urea and chloride were measured on a Cob as Fara analyser (Roche Products Ltd, Welwyn Garden City, UK), and sodium and potassium by flame photometry, all without further dilution. All measurements were made in duplicate. Analytical ranges were selected for each assay to allow measurements on sweat diluted Analysis 0/ metabolites in human sweat 19 sixfold. For all clinical samples assay results were multiplied by six to obtain the concentrations of analytes in undiluted sweat.
Lactate was measured by the lactate dehydrogenase (LDH) method" with incubation of 4 ILL of sweat and 300 ILL of reagent for 1 min at 25°C, addition of 10 ILL LDH and endpoint reading after 12·5 min at 340 nm. LDH and NAD + were obtained from Boehringer Mannheim UK (Lewes, UK), and other reagents were from Sigma Chemical Co Ltd (Poole, UK). The method was calibrated with 5 mmollL aqueous lactate.
Urea was analysed by a urease/glutamate dehydrogenase method? (Merck catalogue No. 19702, Merck Ltd, Poole, UK). Reagent (150 ILL) and 5 ILL of sweat were incubated at 37°C and the absorbance change over 2 min measured at 340 nm, with 2, 4 and 8 mmollL aqueous urea solutions as calibrants.
Urate was measured by a uricase method using Sigma reagents (catalogue No. 292, Sigma Chemical Co Ltd, Poole, UK) as allanto in production at 292 nm.'? Sweat (50 ILL) and 100ILL of reagent were incubated at 37°C for 30 s, 4 ILL of uricase reagent was added and the decrease in absorbance measured at 7·5 min. The method was calibrated with aqueous urate solutions at 0, 5, 10, 20 and 40 ILmollL.
Chloride was measured by the mercuric thiocyanate method.'! Chloride colour reagent (300 ILL, catalogue No. 292209, Nycomed (UK) Ltd, Birmingham, UK) and 30 ILL of sample were mixed and the absorbance change over 3 min at 37°C was measured at 480 nm, with aqueous solutions containing 2, 4, 8 and 16 mmollL chloride as calibrants.
Sodium and potassium were analysed with a Coming-EEL 450 flame photometer (Ciba Coming Diagnostics, Halstead, UK),12 The sweat eluate was aspirated directly and diluted 1:200 in 3 mollL lithium nitrate internal standard. The assays were calibrated with aqueous solutions containing 25 mmollL sodium chloride and 2· 5 mmollL potassium chloride.
Recovery
Recovery of analytes from the collection pad was determined by adding an aqueous mixture of the analytes in a volume of 100 ILL to the pad, followed by elution and analysis as for clinical specimens.
Linearity
Linearity was assessed by measuring aqueous solutions of each analyte at six concentrations covering the range observed in diluted sweat samples.
Imprecision
The within and between batch imprecisions of each assay were measured with aqueous solutions at three concentrations covering the range observed in diluted sweat samples. Between assay measurements were made on separate days over a period in excess of 4 months.
Clinical studies Seventeen sweat collections were made from 11 able-bodied subjects (9 men, 2 women; median age 24 years, range 21-39). Collections were performed from the volar aspect of the forearm, the sacrum, ischium and calf. Before attachment of sweat pads the subjects were acclimatized in an assessment room at 32°C for 15 min. The temperature was maintained for the 60 min duration of the test to facilitate thermal sweating. During the test the subjects maintained a relaxed seated position on a well-cushioned stool, with body weight supported totally by thighs and feet. Thus, there was no application of pressure to any of the sites of sweat collection.
Fifteen sweat collections were made at the sacrum from two able-bodied subjects age 24 and 39 years at an ambient temperature of 21-25°C for a period of 9· 2 (SD 1· 6) h. During the collection the subjects were ambulant and no external pressure was applied to the sacrum.
Sweat was collected from a 35-year-old man with cerebral palsy and a history of pressure sores, while admitted for assessment. The patient's plasma creatinine was 145pmollL (reference range 70-150/Lmol/L). The patient was seated on the canvas base of a wheelchair for the 9 h of sweat collection. This reflected the usual condition of the patient during the day. Sweat pads were attached to the sacrum only and the interface pressure generated by resting on the canvas back of the wheelchair at that site was recorded throughout. Six collections were performed at ambient temperature (21-25°C) on separate days over 3 months during two hospital admissions.
Measurement of the interface pressure and sweat collection did not interfere with the treatment of the patient and had the approval of the responsible clinician and the consent of the patient.
Statistical analysis
Data were examined for significant differences by paired Student's t-test. P values < 0'05 were considered to be statistically significant.
RESULTS
Sweat metabolite assays
Recovery of each analyte from the collection pad across the range of concentrations observed in sweat diluted sixfold was within the range 95-1061170. The conditions of these experiments, with addition of the analytes in a volume of 100 /oiL and elution with 500 /oiL of distilled water represented the smallest volumes accepted for analysis.
Concentrations and amounts of analyte secreted in sweat from four sites in healthy subjects collected
All assays showed excellent linearity up to the following concentrations, appropriate for the ranges found in sweat diluted sixfold:-lactate 10 mmollL; urea 8 mmollL; urate 40 /oImollL; sodium 25 mmollL; potassium 6 mmollL; chloride 16 mmollL.
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Reproducibility of the assays is shown in Table 1 . Within and between batch coefficients of variation (CV) were 811Jo or less for all analytes at all concentrations measured with the exception of low levels of urate. Multiple specimens from each individual collected under different experimental conditions were analysed in the same batch to minimize imprecision.
Clinical studies Analyte concentrations and absolute amounts collected at the four sites from healthy volunteers acclimatized at 32°C are shown in Fig. 1 . Sweat rates (mL/m 2/min) at the four sites were [mean (SEM)]: forearm 1·56 (0'19); sacrum 2'19 (0-18); ischium 2·12 (0,28); calf 1'27 (0'06). Although lactate concentrations were lower at the sacrum and ischium than at the calf or forearm the corresponding sweat rates were higher and hence there were smaller differences for lactate when expressed as amount secreted. There were also inter-site differences in concentration for urea and potassium but no significant differences in the amounts secreted. Urate did not differ significantly between sites in either concentration or amount secreted. The amounts of sodium and of chloride secreted were proportional to sweat rate, tending to be higher at the sacrum and ischium, but their concentrations were similar at all sites.
The concentrations and amounts of each analyte in sacral sweat from the able-bodied subjects at ambient temperature are shown in Table 2 . For all analytes the amount secreted closely followed the concentration in sweat. The mean volume of sweat collected over 9 h was 174/o1L, similar to that collected over 1 h at 32°C, i.e. the sweat rate was much lower (range 0'1-0,3 mL/m 2/min compared to 1'1-3-6mL/m 2/min at the sacrum at 32°C).
Analyte concentrations and absolute amounts in collections from the patient's sacrum are shown in Table 3 . The mean interface pressure at the surface of the sweat pad for the six measurement sessions was 16 mm Hg (2,1 kPa). The sweat rates for the six collections were in the range 0,2-0,3 mL/m 2/min, very similar to those of the healthy volunteers at ambient temperature and the amount of each analyte secreted also closely followed the concentration. 
DISCUSSION
The filter paper collection technique, based on the method of Gibson and Cooke." is inexpensive and technically straightforward. A minimum collection of 100 ILL would provide sufficient sweat for analysis of other metabolites in addition to the six measured in this study.
Sweat was diluted only sixfold in the elution step, enabling the use of modified versions of standard methods of analysis. Recovery of all analytes was close to 100070, despite a minimum eluate volume of only 0·6 mL. The eluate can be separated from the paper and collected efficiently by centrifugation through a perforated spacer which retained the paper. The assays can be carried out rapidly on an automated analyser, with chloride, urea, lactate and urate measured sequentially from the same sample cup. Sweat collection at the forearm has previously been achieved with the Macroduct™ system after pilocarpine iontophoresis to stimulate sweating.!" However, this system is bulky and, if used at the point of weight bearing where the patient is supported, it will produce local tissue distortion with additional pressures and abnormal tissue contours. By comparison, the sweat collection technique described here can be applied to various sites overlying bony prominences such as the sacrum and ischium where more than half of all pressure sores develop.
Iontophoresis of pilocarpine nitrate would be impractical on patients at the sites susceptible to pressure sore development. It requires technical skill to perform and there is a risk of causing skin damage if carried out incorrectly. It is potentially unethical to produce excessive sweating at sites where moisture may contribute to the breakdown of soft tissues.
There is wide variation in the experimental conditions under which reported concentrations of metabolites in sweat have been obtained, especially with respect to the collection site, the total collection period and the sweat rate. 15 Many of these studies are not directly relevant to the experimental conditions necessary for the investigation of pressure sores. Therefore in one series of experiments we investigated variation in the sweat rate and composition at four sites. The sacrum and ischium are susceptible to pressure ischaemia, as is the calf, and there have been studies of ischaemia of the calf and forearm. 7 , 14,16 Our sweat collections were made from these sites from normal volunteers acclimatized at 32°C to produce a small stimulus to sweating,
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producing in excess of 100 ILL in 1 h. Even so, the sweat rates obtained were lower than observed with pilocarpine stlmulation," or with exercise or radiant heat.'? Our data from healthy subjects show minor differences in concentration for some analytes between the four sites. However, the sweat rate was greater at the sacrum and ischium than at the other sites, and the absolute amounts of these analytes excreted did not differ significantly. The sites demonstrating a higher sweat rate have a higher density of sweat glands. The higher sweat rate will result in excess moisture at the tissuesupport interface which in turn may lead to possible maceration of the epidermis. The analyte concentrations observed in our study are similar to those reported elsewhere in studies of pilocarpinestimulated or thermally-induced sweat, with the exception of lactate, which was higher in our study. Similar elevated concentrations were reported in earlier work investigating able-bodied subjects with load applied to soft tissue.l" and are consistent with the inverse relationship reported between lactate concentration and sweat rate. 18 , 19 To investigate the feasibility of collecting unstimulated sweat in a way that would be practicable and applicable to patients, and to investigate the concentration and amount secreted of each analyte, sweat was collected repeatedly from two healthy volunteers at ambient temperature and from a paraplegic patient with a history of susceptibility to pressure sores. Under these conditions the sweat rates were lower than at 32°C and extension of the collection period to approximately 9 h was necessary to yield sufficient sweat for analyte concentrations and amounts to be measured.
The sweat collections from the patient demonstrated the applicability of the technique to the clinical setting. The day-to-day variation observed in sweat from the patient may be relevant, as patients' susceptibility to pressure sores assessed by clinical rating scales? can change in this manner. The patient was seated in a wheelchair with some pressure applied throughout to the site of sweat collection, but the pressure measured was very low and would not cause marked occlusion of the vasculature at the sacrum.P An investigation of the effect of applied load is currently in progress.
Sweat from the calf or forearm has been used in the investigation of responses to limb ischaemia in patients with intermittent claudication or to tissue loading in normal subjects, with significantly elevated concentrations of lactate observed. 7 ,14,16 The lactate is thought to be generated by anaerobic glycolysis in the sweat glands themselves. 19 Urea in sweat is thought to be derived mostly from serum urea and its concentration is inversely related to sweat rate. 19 ,21 The sweat rate is known to decrease in ischaemia-which could, therefore, contribute to an increase in urea concentration. Plasma urate has been proposed as a marker for cellular energy depletion with elevated urate reflecting irreversible loss of high energy phosphate compounds.P The techniques we describe may be employed to study the effect of applied pressure at the loaded body/support interface and to investigate sweat metabolites as markers for tissue damage in patients susceptible to pressure sores at relevant sites.
